INTRODUCTION
Shigella flexneri is the main causative agent of shigellosis or bacterial dysentery. Approximately 125 million shigellosis cases occur annually in Asia, with nearly 14 000 fatalities (Bardhan et al., 2010) . The O antigen (Oag) component of the LPS of S. flexneri plays an important role in the pathogenesis of the bacteria. Oag is composed of oligosaccharide repeat units (RUs) or O units. Oag is linked to the hydrophobic anchor of the LPS (lipid A) by the non-repeating oligosaccharide domain known as the core sugar region (Raetz & Whitfield, 2002; Sperandeo et al., 2009) . The complete LPS structure with Oag chains is termed smooth LPS (S-LPS). However, the LPS structure devoid of Oag is termed rough LPS (R-LPS), and LPS with only one O unit is termed semi-rough LPS (SR-LPS) (Morona et al., 1994) .
Oag is the serotype determinant and also the protective antigen of the bacteria (Jennison & Verma, 2004; Stagg et al., 2009; Sun et al., 2013) . On the basis of the composition of Oag, S. flexneri can be divided into 17 serotypes (Sun et al., 2013) . Except serotype 6, all the serotypes share a basic polysaccharide backbone containing three Lrhamnoses and one N-acetylglucosamine (GlcNAc). This basic Oag structure is known as serotype Y. The differences between the serotypes are conferred by addition of glucosyl, O-acetyl or phosphoethanolamine functional groups by various linkages to the sugars of the basic tetrasaccharide RU (Allison & Verma, 2000; Sun et al., 2012; Wang et al., 2010) . Oag restricts the accessibility of the colicin to their outer membrane (OM) receptor protein (Tran et al., 2014; van der Ley et al., 1986) . In addition, the bacteriophage Sf6 uses Oag as a receptor and forms plaques on serotype Y and X strains (Lindberg et al., 1978) .
S. flexneri LPS biosynthesis occurs mainly by two separate pathways: (1) lipid A and core biosynthesis and (2) Oag biosynthesis. Oag biosynthesis occurs on either side of the inner membrane (IM) and is mediated by the Wzydependent pathway (Allison & Verma, 2000; Morona et al., 1995) . S. flexneri Oag biosynthesis starts by the transfer of GlcNAc phosphate from a uridine diphosphate-GlcNAc to undecaprenol phosphate at the cytoplasmic side of the IM by WecA (Liu et al., 1996; Wang et al., 2008 Wang et al., , 2010 rhamnosyltransferases (RfbG and RfbF) then add sequential rhamnose residues to the GlcNAc to form the O unit (Morona et al., 1994) . Translocation of the O unit to the periplasmic side is mediated by the protein Wzx. At the periplasmic side O units are polymerized by Wzy to form the Oag. The chain length of the Oag is regulated by Wzz (Daniels et al., 1998; Morona et al., 1994) . Finally, the Oag chains are transferred to the core-lipid A by the ligase WaaL. The Lpt proteins (Lpt A-G) facilitate transport of the LPS from the IM to the OM (Ruiz et al., 2008; Sperandeo et al., 2009 ).
S. flexneri Wzy (Wzy Sf ) is a 43.7 kDa hydrophobic integral membrane protein. It has 12 transmembrane (TM) segments and two large periplasmic (PL) domains (PL3 and PL5) (Daniels et al., 1998; Morona et al., 1994) . Previously we were able to identify some of the key functional amino acid residues of Wzy Sf , providing insight into Wzy Sf structure and function (Nath et al., 2015) . Wzy Sf has an RX 15 G motif in both PL3 and PL5 starting from R164 in PL3 and from R289 in PL5. It also has several Arg residues between these two motifs. In the Pseudomonas aeruginosa Wzy (Wzy Pa ), PL3 and PL5 have RX 10 G motifs, which are important for Oag polymerization activity. There are several Arg residues within these two motifs, which play an important role in Oag polymerization (Islam et al., 2011) . However, there is little sequence identity between Wzy Sf and Wzy Pa . Islam et al. (2013) performed extensive work on Wzy Pa and conducted a 'jackhammer' search to find the homologues of Wzy Pa . However, their results showed that Wzy Pa is not related to Wzy from Enterobacteriaceae.
The modal length of the Oag chain is regulated by Wzz proteins, members of the polysaccharide co-polymerase family (Morona et al., 2000) . S. flexneri 2a has S-LPS with two types of modal chain length, short (S) type (11-17 Oag RUs) and very long (VL) type (.90 Oag RUs), and the Stype and VL-type Oag chain lengths are determined by Wzz Sf and Wzz pHS2 , respectively . Woodward et al. (2010) proposed that Wzy and Wzz have an interaction during Oag biosynthesis and that these two proteins are enough to shape the Oag modal chain length. Several other research groups have also suggested that Wzz and Wzy interact during Oag biosynthesis Marolda et al., 2006; Taylor et al., 2013; Tocilj et al., 2008) . However, there is a lack of direct evidence on the association of Wzz and Wzy in Oag polymerization and chain length control. Recently, we identified the Wzz Sf -dependent Wzy Sf mutants, and showed that Wzz Sf has a novel role in the stability of Wzy Sf and also in the Oag polymerization activity of Wzy Sf (Nath et al., 2015) .
In this study we performed site-directed mutagenesis on Arg residues in the PL3 and PL5 of Wzy Sf and identified key Arg residues (R164, R250, R258 and R289) important for Wzy Sf polymerization activity and Oag modal chain length control. Several Arg residues have a role in the association of Wzz Sf and Wzy Sf during Oag biosynthesis and the Wzz Sf -dependent stability of Wzy Sf .
METHODS
Bacterial strains and plasmids. The strains and plasmids used in this study are detailed in Table 1 .
Growth media and growth conditions. The growth media used were lysogeny broth (LB) broth (per litre: 10 g tryptone, 5 g yeast extract, 5 g NaCl) and LB agar (LB broth, 15 g bacto agar -1 ).
Strains were grown in LB broth with aeration for 18 h at 37 uC. Then, 18 h cultures were diluted 1 : 20 into fresh LB broth and grown to mid-exponential phase (OD 600 of 0.4-0.6). To suppress protein expression, growth medium was supplemented with 0.2 % (w/v) glucose where required. Cells were centrifuged (2200 g, Sigma 3K15 table top centrifuge, 10 min, 4 uC) and washed twice with LB broth to remove glucose. To induce protein expression, 0.2 % (w/v) L-arabinose was added to cultures and grown for 20 h at 20 uC. Antibiotics were added as required to the media at the following final concentrations: 50 mg kanamycin ml
21
, and 25 mg chloramphenicol ml 21 . LPS method. LPS was prepared as described previously (Nath et al., 2015) . Cells (1610 9 ) were harvested and resuspended in lysing buffer and incubated with proteinase K for approximately 16 h. The LPS samples were then separated by SDS-PAGE on 15 % (w/v) gels for 16.5 h at 12 mA. Silver nitrate was used to stain the gels and finally the gels were developed with formaldehyde (Murray et al., 2003) .
Site-directed mutagenesis. Site-directed mutagenesis on wzy Sf in plasmid pRMPN1 (Nath et al., 2015; Waldo et al., 1999) was performed using the QuikChange Lightning Site-Directed Mutagenesis kit (catalogue no. 210518; Stratagene) following the manufacturer's instructions. Mutagenized plasmids were transformed into XL10-Gold. Plasmids were isolated and the mutations within the coding region were identified by DNA sequencing (AGRF, Adelaide, Australia). The oligonucleotide primers used for site-directed mutagenesis are listed in Table S1 (available in the online Supplementary Material).
Detection of Wzy Sf expression in S. flexneri. The procedure used to examine Wzy Sf -GFP expression in S. flexneri has been described previously (Nath et al., 2015) . Cells were harvested from the 50 ml Larabinose induced culture. The cell pellet was then resuspended in 4 ml sonication buffer (20 mM Tris/HCl, 150 mM NaCl, pH 7.5) and lysed by sonication. Cell debris was removed by centrifugation (2200 g, Sigma 3K15 table top centrifuge, 10 min, 4 uC). The whole membrane (WM) fraction was isolated by ultracentrifugation (Beckman Coulter Optima L-100 XP bench top ultracentrifuge, 126 000 g, 1 h, 4 uC). 8 cells) were electrophoresed on SDS-15 % (w/v) PAGE gels. Gels were rinsed with distilled water, and fluorescence imaging of the gels was performed to detect wild type (WT) and mutant Wzy Sf -GFP expression with a Bio-Rad Gel Doc XR+System using Image Lab software (excitation at 485 nm and emission at 512 nm). Loading was checked by staining the gels with Coomassie blue R-250. The intensity of WT and mutant Wzy Sf -GFP expression in control and mutant strains was measured using the Fiji image processing package (http://fiji.sc/Fiji) and the percentage relative Wzy Sf -GFP intensity for each mutant was measured by comparing with WT Wzy Sf -GFP intensity in the control strain PNRM13.
Colicin sensitivity assay. For the colicin sensitivity assay, His 6 -colicin E2 (ColE2) with an initial concentration of 1 mg ml 21 was used (Tran et al., 2014) . The ColE2 spot assay procedure has been described previously (Nath et al., 2015) . The ColE2 spot assay was performed for all strains expressing WT and mutant Wzy Sf -GFP and P. Nath and R. Morona the other control strains. The end point of the killing zones of mutant strains was compared with that of the controls.
Bacteriophage sensitivity assay. The procedures used for phage propagation and phage stock preparation have been described previously (Mavris et al., 1997; Morona et al., 1994) , and the bacteriophage Sf6c sensitivity assay was as described previously (Nath et al., 2015) . Phage sensitivity of all strains expressing mutant Wzy Sf -GFP was compared with the strains expressing WT Wzy Sf -GFP and the other controls.
RESULTS
Site-directed mutagenesis of Arg residues in PL3 and PL5 of Wzy Sf
In a previous study on Wzy Sf , random mutagenesis failed to detect any functional residue in PL5 (Nath et al., 2015) . However, Islam et al. (2011) found that the Arg residues in the two principal PLs (PL3 and PL5) of Wzy Pa are important for Oag polymerization activity. The RX 10 G motifs of the PL3 and PL5 of Wzy Pa (Islam et al., 2011) are absent in Wzy Sf . However, both PL3 and PL5 of Wzy Sf contained RX 15 G motifs (starting from R164 in PL3 and from R289 in PL5) ( Fig. 1 ; Table S2 ), and there are also several Arg residues between these two motifs. So, site-directed mutagenesis on wzy Sf in pRMPN1 was performed to change the basic polar and positively charged Arg residues (R164, R250, R258, R278 and R289) to Ala (non-polar and neutral substitution), Lys (basic polar and positively charged substitution) and Glu (acidic polar and negatively charged substitution) ( Fig. 1) PL1   TM1  TM2  TM3  TM4  TM5  TM6  TM7  TM8  TM9  TM10  TM11 Table 2 ) by comparing the LPS profiles of the mutant strains with the WT positive control PNRM13. Based on the number of Oag RUs in the Oag modal chain length (Wzz Sf -regulated S-type) the class A mutants were further subdivided into subclasses A1, A2 and A3 (Table 2 ). The mutational alteration R164A resulted in complete loss of Oag polymerization activity (SR-LPS or class C) (Fig. 2,  lane 3) , R164K resulted in an S-LPS with reduced Oag polymerization (,30 Oag RUs) and lacking modal chain length control (class F LPS) (Fig. 2, lane 5; and Table 2) , and R164E resulted in complete loss of polymerization activity (SR-LPS or class C) (Fig. 2, lane 7) , similar to R164A. Mutational alterations R250A and R250E resulted in decreased Oag polymerization activity (LPS with ,11 Oag RUs or class B) (Fig. 2, lanes 9 and 13) . However, the mutational alteration R250K resulted in an S-LPS with reduced Oag polymerization, and the modal chain length was reduced to 8-11 RUs (subclass A1) (Fig. 2 , lane 11; and Table 2 ) and was just detectable compared with the positive control (PNRM13). Similar to mutational alterations of R164, both R258A and R258E resulted in an SR-LPS (class C) (Fig. 2, lanes 15 and 19) . The mutational alteration R258K resulted in an S-LPS with reduced polymerization and the modal chain length was reduced to 9-14 RUs (subclass A2) (Fig. 2, lane 17; and Table 2 ). For residue R278, the mutational alterations investigated had no detectable effect on the LPS profiles, and all strains had LPS profiles (class D) similar to the relevant WT control (PNRM13) (Fig. 2, lanes 21, 23 and 25 ). For residue R289, mutational alteration R289A resulted in a class A LPS profile and the LPS Oag modal chain length of this strain was similar to PNRM13 (Fig. 2 , lane 27; and Table 2 ) but lacked S-LPS with Oag .22 RUs; the LPS Table 2 ). Wzy Sf with Ala, Lys and Glu substitutions of R164 resulted in similar LPS profiles in both the Dwzy and the Dwzy Dwzz backgrounds (Fig. 2 , lanes 3-4, 5-6 and 7-8). The Wzy Sf mutations R250A, R250E and R258A resulted in similar LPS profiles in both the Dwzy and the Dwzy Dwzz backgrounds (Fig. 2 , lanes 9-10, 13-14, and 15-16). Interestingly, WzyR250K resulted in LPS with greatly reduced Oag polymerization (class B) in the Dwzy Dwzz background (Fig. 2, lane 12 ) compared with the Dwzy background (class A1) (Fig. 2, lane 11) . In contrast, WzyR258E resulted in a dramatic increase in Oag polymerization in the Dwzy Dwzz background (class E) compared with the Dwzy background (class C) (Fig. 2, lanes 19-20) . However, WzyR258K resulted in a class F LPS profile (Fig. 2, lane 18) in the Dwzy Dwzz background. For residue R278, all changes resulted in class E LPS profiles (Fig. 2, (Nath et al., 2015) .
ColE2 sensitivity of strains with Wzy Sf mutants
The ColE2 sensitivity of the strains expressing Wzy Sf mutants was investigated to verify the LPS profiles determined by SDS-PAGE and silver staining. ColE2 sensitivity (summarized in Table 3 ) was determined by spot testing as described in the Methods.
As expected, the negative control strains RMM109, PNRM6, PNRM11, RMA4337 and PNRM126 had the highest sensitivity to ColE2 (killing zone at a dilution of 1 : 256) ( Table  3 ). The WT strain PE638 and the positive control with Wzy Sf -GFP in the Dwzy Dwzz background (PNRM134) were resistant to the highest concentration of ColE2 used. However, the positive control with Wzy Sf -GFP in the Dwzy background (PNRM13) showed a killing zone at a dilution of 1 : 2 (Table 3) , as previously reported (Nath et al., 2015) . Strains with a class A LPS profile in the Dwzy background were sensitive to ColE2. Among them, strains with decreased Oag modal chain length (subclass A1) were relatively more sensitive to ColE2 (killing zone at 1 : 64). However, the strains with more Oag (subclass A2 and A3) showed a killing zone at 1 : 32. Strains with a class B LPS profile (both Dwzy and Dwzy Dwzz backgrounds) showed a killing zone at 1 : 128. As expected, the strains with class C LPS profiles (SR-LPS) (both Dwzy and Dwzy Dwzz backgrounds) showed the highest sensitivity to ColE2 (killing zone at 1 : 256), and their sensitivity to ColE2 was similar to the negative control strains. Strains with WT-like class D LPS profiles (Dwzy background) were more resistant to ColE2 (killing zone R, -1 : 4). Among them the Dwzy strains with WzyR278A and Characterization of PL3 and PL5 of S. flexneri Wzy WzyR278E showed ColE2 sensitivity similar to the WT strain PE638, greater than the relevant positive control PNRM13. Strains with a class E LPS profile (Dwzy Dwzz background) showed greater sensitivity to ColE2 (killing zone 1 : 16-1 : 64) compared with the relevant positive control PNRM134, suggesting that they had a decreased level of Oag polymerization. Strains with a class F LPS profile in the Dwzy and Dwzy Dwzz backgrounds were also very sensitive to ColE2, and showed a killing zone at 1 : 64 or 1 : 128. Hence, as reported previously (Nath et al., 2015) , the ColE2 assay detects subtle differences in LPS Oag chain length and density, which are consequences of differences in Oag polymerization.
Bacteriophage Sf6c sensitivity of strains with Wzy Sf mutants
The bacteriophage Sf6c sensitivity of the strains expressing Wzy Sf mutants was investigated to further verify the LPS profiles determined by SDS-PAGE and silver staining. The bacteriophage Sf6c sensitivity of the strains (summarized in Table 3 ) carrying mutated wzy Sf plasmids was determined by spot testing (see Methods).
The negative control strains (with an SR-LPS profile) RMM109, PNRM6, PNRM11, RMA4337 and PNRM126 were all resistant to the highest concentration of bacteriophage Sf6c tested, as expected. The WT strain PE638 and the positive control with Wzy Sf -GFP in the Dwzy Dwzz background (PNRM134) showed the highest sensitivity to bacteriophage Sf6c and showed plaques at 10 26 dilution. However, for the positive control with Wzy Sf -GFP in the Dwzy background (PNRM13) the phage showed plaques at 10 25 (Table 3 ) (Nath et al., 2015) . Strains with class A, B, C and F LPS profiles in the Dwzy and Dwzy Dwzz backgrounds were resistant to the highest concentration of bacteriophage Sf6c tested, similar to the negative control strains, except /it [Dwzy] strain with WzyR258K and WzyR289E showed plaques for undiluted Sf6c stock. However, the strains with class D LPS profiles were very sensitive to bacteriophage Sf6c (plaques at 10 25 or 10 26 ). Among them the Dwzy strain with WzyR278A and WzyR278E showed the highest sensitivity to Sf6c, and their sensitivity to bacteriophage Sf6c was greater than the relevant positive control PNRM13, and similar to the positive control with Wzy Sf -GFP in the Dwzy Dwzz background (PNRM134). The strains with class E LPS profiles were relatively more resistant to bacteriophage Sf6c (resistant or plaques at 10 21 or undiluted Sf6c stock) compared with the relevant positive control PNRM134, indicating a difference in Oag density. Similar to our previous data (Nath et al., 2015) , the bacteriophage Sf6c assays above indicated that the degree of Oag polymerization and density is correlated with bacteriophage Sf6c sensitivity.
Protein expression levels of the Wzy Sf mutants
We measured parental and mutant Wzy Sf -GFP expression in the Dwzy and Dwzy Dwzz backgrounds by in-gel fluorescence and then calculated the percentage relative Wzy Sf -GFP expression of all the mutant strains by comparing expression levels of different Wzy Sf -GFP mutants with the Wzy Sf -GFP in PNRM13 (100 %) (see Methods). The positive control in the Dwzy Dwzz background (PNRM134) had Wzy Sf -GFP expression level (relative Wzy Sf -GFP level 17 %) lower than the positive control in the Dwzy background (PNRM13) (Fig. 3, lanes 1 and 2; and Table 3 ).
In both the Dwzy and the Dwzy Dwzz backgrounds, with some exceptions, most of the Wzy Sf mutants were expressed at a level less than 100 %. The Dwzy strain with WzyR164A had an expression level of 132 % (Fig. 3a, lane  3; and Table 3 ) but the Dwzy Dwzz strain with WzyR164A had a relative Wzy Sf -GFP level of 87 % (Fig. 3a, lane 4; and Table 3 ). Both of these strains had an SR-LPS profile. The Dwzy Dwzz strain with WzyR258A had an SR-LPS but the relative Wzy Sf -GFP level was 200 % (Fig. 3a , lane 8; and Table 3 ), which is double that of the Wzy Sf -GFP level in PNRM13. The Dwzy strain with WzyR258A had a relative Wzy Sf -GFP level of 62 % (Fig. 3a, lane 7; and Table 3 ). Both the Dwzy and the Dwzy Dwzz strains with WzyR164K were expressed at a level more than 100 % (120 and 125 %, respectively) (Fig. 3b, lanes 3 and 4; and Table 3 ). In the Dwzy Dwzz background, both WzyR250K and WzyR258K were expressed at a very low level (11 and 0.02 %, respectively) (Fig. 3b, lane 8 ; Fig. 3c lane 4; and Table 3 ). However, in the Dwzy strain, WzyR250K and WzyR258K were expressed at high levels (142 and 104 %, respectively) (Fig. 3b, lane 7 ; Fig. 3c , lane 3; and Table 3 ). Interestingly, the Dwzy and Dwzy Dwzz strains with WzyR250E had a class B LPS profile but their relative Wzy Sf -GFP levels were 133 and 143 %, respectively (Fig. 3b, lanes 9 and 10; and Table 3 ). The Dwzy strain with WzyR278E and the Dwzy Dwzz strain with WzyR289E had very high relative Wzy Sf -GFP levels (135 and 140 %, respectively) (Fig. 3c, lanes 9 and 14; and Table 3 ). However, the Dwzy Dwzz strain with WzyR278E and the Dwzy strain with WzyR289E had low relative Wzy Sf -GFP levels (28 and 21 % respectively) (Fig. 3c, lanes 10 and 13; and Table 3 ). Comparison of Wzy Sf -GFP expression levels of different mutants in the Dwzy and Dwzy Dwzz backgrounds indicates that the expression of certain Wzy Sf mutant proteins was affected by Wzz Sf .
DISCUSSION
Wzy proteins are essential for the synthesis of many Oags that are virulence determinants of Gram-negative bacteria. Wzy Sf has two large PLs (PL3 and PL5) (Daniels et al., 1998) . During mutational characterization of Wzy Sf , we found that the amino acid P165 in PL3 is important for the stabilization of Wzy Sf through interaction with Wzz Sf (Nath et al., 2015) . However, through random mutagenesis we were unable to identify any other amino acid residues in PL3 and PL5 important for Oag polymerization activity and association with Wzz Sf . In this study, site-directed mutagenesis of these two loops generated mutants that were then characterized based on their LPS profiles, ColE2 and bacteriophage Sf6c sensitivities, and Wzy Sf -GFP expression to reveal novel mutant phenotypes. Islam et al. (2011) showed that the mutational alteration of Arg to Ala in the Wzy Pa PL3 and PL5 within the two RX 10 G motifs resulted in either complete or partial loss of Oag polymerization activity and alterations of some of the Arg residues to Lys resulted in LPS profiles similar to their Ala substitution. In S. flexneri, site-directed mutation of R164, R250, R258 and R289 to Ala also resulted in the complete or partial loss of Oag polymerization activity in the Dwzy background. The Arg residues in PL3 and PL5 were changed to Ala, Lys and Glu to determine the importance of the guanidium functional group of Arg at these positions. In the Dwzy background, Ala, Lys and Glu substitutions of R164, R250 and R258 resulted in complete or partial loss of polymerization (Fig. 2) . Lys substitutions at these three positions resulted in S-LPS with a reduced degree of Oag polymerization (class F or class A) but with different Oag modal chain lengths [class F (without modal chain), class A1 (8-11 RUs), class A2 (9-14 RUs)] (Fig. 2) compared with the relevant positive control PNRM13. These Wzy Sf mutants (WzyR164K, WzyR250K and WzyR258K) resulted in LPS with different Oag modal chain lengths. (Table 2) .
So, the guanidium functional group of Arg residues at these positions had a position-specific effect on Oag polymerization and modal chain length control. This effect has not been reported previously for S. flexneri wzy Sf mutations.
Previously, we found Wzz-dependent Wzy Sf mutants (Nath et al., 2015) . In this study, we found several new examples of Wzz Sf -dependent Wzy Sf mutants. The Dwzy Dwzz strain with WzyR250K had decreased Oag polymerization in the absence of Wzz Sf and the Dwzy Dwzz strain with WzyR258E had increased Oag polymerization in the absence of Wzz Sf , even though WzyR258E was inactive in the Dwzy background (Fig. 2) . Hence, residues R250 and R258 have roles in the association of Wzy Sf and Wzz Sf during the Wzy Sfmediated Oag polymerization. These and our previous results (Nath et al., 2015) suggest that the interactions between Wzy Sf and Wzz Sf are complex.
The ColE2 and bacteriophage Sf6c sensitivity assays supported the LPS profiles of the Wzy Sf mutants. The Wzy Sf mutants with shorter Oag chains in the LPS were more sensitive to ColE2 (Table 3) , consistent with our previous results (Nath et al., 2015) . Here we found that in the Dwzy background the strains with different Oag modal chain lengths showed different sensitivities to ColE2, with an increase in resistance correlated with an increase in Oag RUs in the LPS Oag modal chain. Strains with class A-C LPS profiles in the Dwzy background were resistant to bacteriophage Sf6c (Table 3) . This result was consistent with our previous findings (Nath et al., 2015) that bacteriophage Sf6c only infects if the S-LPS has WT or nearly WT levels of Oag polymerization. In our previous study we found that while the strains with class D LPS had S-LPS profiles very similar to the relevant positive control strain (PNRM13), they were more resistant to ColE2 and more sensitive to bacteriophage Sf6c compared with PNRM13 (Nath et al., 2015) . Here, the Dwzy strain with WzyR278A and WzyR278E showed a similar phenotype (Fig. 3 , and Table 3 ).
Previously, we found that Wzz Sf is associated with Oag modal chain length control but also affects the level of Wzy Sf (Nath et al., 2015) . In the Dwzy and Dwzy Dwzz backgrounds most of the mutant Wzy Sf -GFPs had expression levels lower than the Wzy Sf -GFP in PNRM13 (Table 3) . However, in the Dwzy background the expression level of WzyR164A and in the Dwzy Dwzz background the expression level of WzyR258A were greater than the Wzy Sf -GFP in PNRM13 (Table 3) . We speculate that residues R164 and R258 are important for the stabilization of Wzy Sf through a potential interaction with Wzz Sf . The Dwzy strain with WzyR164A and the Dwzy Dwzz strain with WzyR258A had SR-LPS profiles (Fig. 2) . So, the absence of Oag polymerization activity is not due to a lack of protein expression.
The Dwzy and Dwzy Dwzz strains with WzyR164K and WzyR250E had a higher level of expression compared with Wzy Sf -GFP in PNRM13 but the LPS profiles of these strains indicated that the mutant proteins had decreased Oag polymerization activity compared with the relevant positive controls (Table 3 and Fig. 3) . So, these mutations in some way stabilized the protein, both in the presence and in the absence of Wzz Sf .
The Dwzy strain with WzyR250K and WzyR258K had high levels of expression but the Dwzy Dwzz strain with WzyR250K and WzyR258K had very low levels of expression ( Fig. 3 and Table 3 ), suggesting that the presence of Wzz Sf stabilizes these Wzy Sf mutants. The Dwzy strain with WzyR250K had LPS with an increased degree of Oag polymerization compared with the Dwzy Dwzz strain with WzyR250K, and the Dwzy and the Dwzy Dwzz strains with WzyR258K had nearly similar LPS profiles (class A2 and class F), but the Dwzy strain with WzyR258K had LPS with an Oag modal chain length of 9-14 RUs (Fig. 2) . However, all these strains had LPS with a decreased level of Oag polymerization compared with the relevant positive controls. These results again suggest that Oag polymerization activity of Wzy Sf is not correlated with the expression level of the protein. The Dwzy strain with WzyR278E and the Dwzy Dwzz strain with WzyR289E ( Fig. 3 and Table 3 ) had higher levels of expression compared with the Wzy Sf -GFP in PNRM13. Hence, residues R278 and R289 are also important for the stabilization of Wzy Sf through a potential interaction with Wzz Sf .
According to the model proposed by Islam et al. (2011) , at physiological pH, Wzy Pa PL3 and PL5 possess a net positive charge and a net negative charge, respectively. PL3, the 'capture arm', catches the incoming negatively charged Oag subunit for subsequent transfer to PL5, which acts as a 'retention arm'. It involves a relatively transient interaction with the Oag and is responsible for the constant binding and release of the growing Oag chain. They proposed that these characteristics of PLs support their roles in the 'catchand-release' mechanism during Oag polymerization by Wzy (Islam et al., 2011) . Zhao et al. (2014) found that Escherichia coli O86 Wzy (Wzy Ec ) has a different number of TMs and different amino acid sequence compared with Wzy Pa , but the pI values of PL3 and PL4 (the two largest PLs) of Wzy Ec are equivalent to those of PL3 and PL5 of Wzy Pa . At physiological pH, PL3 and PL4 of Wzy Ec possess a net positive charge and a net negative charge, respectively, which led them to conclude that Wzy Ec follows a similar catalytic mechanism to Wzy Pa (Zhao et al., 2014) . For Wzy Sf , we found that the pI values of PL3 and Pl5 were 4.65 and 5.09, respectively, using the ExPASy pI calculator (http://web. expasy.org/compute_pi/). Hence, at physiological pH both PL3 and PL5 of Wzy Sf possess net negative charge. While the P. aeruginosa PAO1 Oag contains negatively charged uronic acid (Knirel et al., 2006) , S. flexneri Oag is neutral. So, the charge property of the substrate for Wzy Sf is different from that of Wzy Pa . Polymerization of the Oag of all the serotypes of S. flexneri is conducted by a single Wzy Sf type, which defines the flexibility of substrate recruitment of Wzy Sf . The RX 10 G motifs of Wzy Pa contain several other Arg residues within the motifs (R176 and R180 in PL3, and R291 in PL5) (Islam et al., 2011 but the Wzy Sf had no Arg residues within the RX 15 G motifs of PL3 and PL5 (Fig. 1) . The RX 10 G motifs of Wzy Pa start in the PL and end in the PL (Islam et al., 2011 but the RX 15 G motifs of Wzy Sf start in the PL and end in the TM (Fig. 1) . Nevertheless, we found that the Arg residues in PL3 and PL5 have roles in Oag polymerization, association with Wzz Sf , and Wzy Sf expression level. Hence, a modified version of the 'catch-andrelease' (Islam et al., 2011) mechanism may exist for S. flexneri Oag synthesis.
In conclusion, we have identified key Arg residues in PL3 and PL5 of Wzy Sf that are important for the polymerization activity, association with Wzz Sf during polymerization and Wzz Sf -dependent stabilization of the protein. The Wzy Sf mutants that confer altered Oag modal chain length suggest that Wzz Sf functions to alter the activity of Wzy Sf and this is mimicked by certain mutational alterations, leading to change in the Oag modal chain length. The current findings extended our previous findings (Nath et al., 2015) , and we conclude that a wider region (PL2, 3, 5, 6 and TM5 and 8) is involved in the Oag polymerization activity and potential interaction with Wzz Sf . We hypothesize that these regions may contribute to the catalytic site of Wzy Sf .
